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PCongenital Heart Disease
Contraction Pattern of the Systemic Right Ventricle
Shift From Longitudinal to Circumferential
Shortening and Absent Global Ventricular Torsion
Eirik Pettersen, MD,* Thomas Helle-Valle, MD,† Thor Edvardsen, MD, PHD,*
Harald Lindberg, MD, PHD,‡ Hans-Jørgen Smith, MD, PHD,§ Bjarne Smevik, MD,§
Otto A. Smiseth, MD, PHD,* Kai Andersen, MD, PHD‡
Oslo, Norway
Objectives The aim of the present study was to characterize the contraction pattern of the systemic right ventricle (RV).
Background Reduced longitudinal function of the systemic RV compared with the normal RV has been interpreted as ventric-
ular dysfunction. However, longitudinal shortening represents only one aspect of myocardial deformation, and
changes in contraction in other dimensions have not previously been described.
Methods Fourteen Senning-operated patients age 18.4  0.9 years (mean  SD) with transposition of the great arteries
were studied. We compared the contraction pattern of the systemic RV with findings in the RV and left ventricle
(LV) of normal subjects (n  14) using tissue Doppler imaging and magnetic resonance imaging.
Results In the systemic RV free wall, circumferential strain exceeded longitudinal strain (23.3  3.4% vs. 15.0 
3.0%, p  0.001) as was also the case in the normal LV (25.7  3.1% vs. 16.5  1.7%, p  0.001), oppo-
site from the findings in the normal RV (15.8  1.3% vs. 30.7  3.3%, p  0.001). Strain in the interventric-
ular septum did not differ from normal. Ventricular torsion was essentially absent in the systemic RV
(0.3  1.8°), in contrast to a torsion of 16.7  4.8° in the normal LV (p  0.001).
Conclusions In the systemic RV as in the normal LV, there was predominant circumferential over longitudinal free wall short-
ening, opposite from findings in the normal RV. This may represent an adaptive response to the systemic load.
Noticeably, however, the systemic RV did not display torsion as found in the normal LV. (J Am Coll Cardiol
2007;49:2450–6) © 2007 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2007.02.062s
f
e
i
M
S
E
w
f
b
c
i
i
H
(
On patients operated with atrial switch for transposition of
he great arteries (TGA), the morphologic right ventricle
RV) supports the systemic circulation, representing a po-
ential for systemic RV failure (1,2). Findings of reduced
ongitudinal function in the systemic RV have been pro-
osed to reflect global ventricular dysfunction (3,4). How-
ver, reduced longitudinal shortening describes only one
spect of myocardial deformation and is also present in
atients without heart failure. This raises the possibility of
ompensatory increased function in another dimension due
o altered loading conditions. If present, such responses
hould be defined before evidence of ventricular dysfunction
an be established.
rom the *Department of Cardiology, Faculty of Medicine, †Institute of Surgical
esearch, Faculty of Medicine, ‡Department of Thoracic and Cardiovascular Sur-
ery, and the §Department of Radiology, Faculty of Medicine, University of Oslo and
ikshospitalet-Radiumhospitalet Medical Center, Oslo, Norway. Drs. Pettersen and
elle-Valle are recipients of fellowships from the Norwegian Research Council
nd the Norwegian Council on Cardiovascular Diseases, respectively.R
Manuscript received July 18, 2006; revised manuscript received Febuary 12, 2007,
ccepted February 13, 2007.The aim of the present study was, therefore, to describe
ystemic RV function in terms of longitudinal and circum-
erential myocardial shortening and ventricular torsion,
mploying tissue Doppler (TDI) and magnetic resonance
maging (MRI).
ethods
tudy population. SENNING-OPERATED TGA PATIENTS.
ighteen patients (6 women) with TGA operated as infants
ith atrial switch as described by Senning were identified
rom the hospital’s database. One patient died suddenly
efore the planned examination. Three patients were ex-
luded from analyses: 2 because of hemodynamically signif-
cant lesions, the third because of poor quality MRI record-
ngs. Thus 14 patients were included.
EALTHY CONTROL SUBJECTS. Fourteen healthy volunteers
4 women) were examined by echocardiography and MRI.
PERATED CONTROL SUBJECTS. To exclude that systemic
V findings might merely reflect postoperative effects, we
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June 26, 2007:2450–6 Systemic RV Contraction Patternerformed echocardiograms in 14 patients (3 women) with
ystemic left ventricles (LVs) age 18.1  4.8 years success-
ully operated for other congenital heart disease (3 for aortic
alvular disease, 5 for perimembranous ventricular septal
efects, 6 for TGA with arterial switch).
All study subjects gave written informed consent (minors
y proxy) to participate in the study. The protocol was
pproved by the regional ethics committee.
linical examination and exercise testing. The Senning-
perated TGA patients underwent clinical examination and
lectrocardiogram (ECG). They performed bicycle exercise
esting with an initial work load of 25 W or 50 W,
ndividualized to yield an exercise duration of about 10 min,
ncreased by 25 W every 2 min. Ventilatory oxygen uptake
as measured with an open circuit-technique (EOS/
PRINT, E. Jaeger, Wurzburg, Germany).
chocardiography. Recordings were obtained with a GE
ingmed Vivid 7 scanner (GE Vingmed Ultrasound,
orten, Norway). Gray scale and color TDI images (frame
ate 90 to 240 frames/s) of both ventricles were analyzed
ff-line using dedicated software (EchoPac, GE Vingmed
ltrasound) by an observer blinded to the MRI data.
Figure 1 Assessment of Ventricular Geometry and Sampling Sit
Echocardiographic parasternal short-axis images from a Senning-operated patient
tion of the ratio between systolic right (RVd) and left ventricular internal diameter (
sites for strain and strain rate measurements in the apical 4-chamber and paraste
ventricular septum; LV  left ventricle; RV  right ventricle; TDI  tissue DopplerVentricular geometry was de-
cribed by the position of the
nterventricular septum (IVS) as
he ratio between end-systolic
V and LV septum-to-free-wall
iameters and by free wall radius
f curvature measured using a
edicated Matlab application
MathWorks Inc., Natick, Mas-
achusetts) (Fig. 1).
DI MEASUREMENTS. Regional
yocardial function was assessed
y peak systolic strain, expressing
he percent change in segment
ength from end-diastole, and
train rate, expressing the rate of deformation, derived from
DI recordings (5). End-diastole was defined at the peak R
f the electrocardiographic QRS complex, end-systole at the
rst negative crossover of the velocity curve. Negative strain
epresents segmental shortening, while positive represents
engthening. Longitudinal regional function was measured
n the apical, mid-, and basal segment of the free wall of
Abbreviations
and Acronyms
EF  ejection fraction
IVS  interventricular
septum
LV  left ventricle
MRI  magnetic resonance
imaging
RV  right ventricle
TDI  tissue Doppler
imaging
TGA  transposition of the
great arteries
r TDI Measurements
ansposition of the great arteries demonstrating (A) measurements for calcula-
and (B) assessment of radius of curvature (r). Panels C and D show sampling
hort-axis view (only free wall midventricular sampling sites shown). IVS  inter-
g; V  probe orientation marker.es fo
with tr
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Systemic RV Contraction Pattern June 26, 2007:2450–6oth ventricles (Fig. 1) as well as in the IVS. Circumferen-
ial regional function was measured in the RV and LV free
all at the midventricular level. All measurements were
veraged over 3 cardiac cycles.
RI scanning. Magnetic resonance imaging scans were
erformed in patients and healthy control subjects using a
.5-T scanner (Magnetom Vision Plus, Siemens, Erlangen,
ermany). Right ventricular mass, volumes, and ejection
raction (EF) were calculated from area measurements of
ultiple short-axis breath-hold images covering the entire RV.
YOCARDIAL STRAIN BY MRI TAGGING. Tagged MRI im-
ges were obtained as described previously (6). Recordings
ere analyzed by Harmonic Phase Imaging (HARP, ver-
ion 1.0, Diagnosoft Inc., Palo Alto, California) (7). Cir-
umferential peak systolic strain at the midventricular level
f the RV lateral wall was measured as a reference method
or Doppler-derived circumferential strain.
ENTRICULAR TORSION. Global basal and apical systolic
otations were measured from tagged MRI images using
ARP (6). Ventricular torsion was calculated as the differ-
nce between basal and apical rotation. Global rotation
ould not be calculated for the normal RV, as the rotation
lgorithm presupposes a relatively circular short-axis shape.
owever, rotation of the entire heart could be measured
sing the common center of gravity of the 2 ventricles as a
eference point, allowing extraction of regional data for
otation of the normal RV free wall.
tatistical analysis. All data are presented as mean  SD.
tatistical analysis was performed using SPSS 12.0.1 (SPSS
nc., Chicago, Illinois). Student t test was used for compar-
sons between 2 groups and 1-way analysis of variance with
ost-hoc Bonferroni correction for comparisons between
Characteristics of the Senning-Operated TGA Pa
Table 1 Characteristics of the Senning-Oper
H
Age, yrs
Body surface area, m2
Systolic/diastolic blood pressure, mm Hg
QRS width, ms
Echocardiography
Systemic AV valve regurgitation, grade 0/1/2/3/4
E-wave, m/s
A-wave, m/s
E/A ratio
E-wave deceleration time, ms
Ergometry
Max VO2, ml/kg/min (% of expected value)
Max heart rate, beats/min (% of expected value)
MRI
RV end-diastolic volume, ml
RV end-systolic volume, ml
RV ejection fraction, %
RV mass, gAV atrioventricular; MRImagnetic resonance imaging; RV right ventricu
uptake.ore than 2 groups. Pearson’s correlation coefficient was
sed where appropriate. A value of p 0.05 was considered
ignificant. Tissue Doppler imaging and MRI strain mea-
urements were compared by a Bland-Altman plot.
esults
atient characteristics. Clinical, echocardiographic, and
RI data of the Senning-operated TGA patients and
ealthy control subjects are presented in Table 1. All
atients were in New York Heart Association functional
lass 1, except for 1 in class 2 due to sinus node dysfunction.
ll were in sinus rhythm at rest, and none had undergone
dditional cardiac surgery since the initial operation. None
ad ECG changes at rest suggesting myocardial scar or
uring exercise suggesting ischemia. There was no correla-
ion between RV mass and measures of diastolic function.
eometric changes. In the Senning-operated TGA pa-
ients, there was a markedly higher ratio between the RV
nd LV diameter than that in normal subjects (1.28  0.32
s. 0.54  0.10, p  0.001). Furthermore, the radius of
urvature of the systemic RV free wall was less than that of
he normal RV (2.11  0.39 cm vs. 3.09  0.49 cm, p 
.001) but similar to the normal LV free wall radius of
urvature (2.11  0.39 cm vs. 2.37  0.29 cm, p  NS).
ongitudinal and circumferential shortening. SENNING-
PERATED TGA PATIENTS VS. HEALTHY CONTROL SUB-
ECTS. Strain and strain rate values are presented in Tables 2
nd 3. All values in the text are from the midsegment, unless
therwise stated. In the systemic RV free wall, circumfer-
ntial strain was greater than longitudinal strain (23.3 
.4% vs. 15.0  3.0%, p  0.001), opposite from findings
n the normal RV free wall (15.8  1.3% vs. 30.7 
s and Healthy Control Subjects
TGA Patients and Healthy Control Subjects
Control Subjects TGA Patients p Value
4 1.2 18.4 0.9 0.001
1 0.17 1.81 0.21 NS
1 7/74 7 118 10/72 8 NS
3 11 91 11 NS
9/5/0/0/0 0/4/7/3/0
7 0.14 0.82 0.21 NS
0 0.09 0.40 0.25 NS
2 0.71 2.41 1.42 NS
0 22 187 50 NS
30.9 5.4 (65 11)
176 18 (93 10)
3 37 119 39 NS
1 15 63 26 NS
4 5 47 8 0.02
3 21 155 38 0.001tient
ated
ealthy
27.
1.9
12
9
0.8
0.4
2.3
16
11
5
5
5lar; TGA transposition of the great arteries; VO2 ventilatory oxygen
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June 26, 2007:2450–6 Systemic RV Contraction Pattern.3%, p  0.001), but similar to the contraction pattern of
he normal LV (25.7  3.1% vs. 16.5  1.7%, p 
.001) (Fig. 2). Strain rate showed a similar pattern with
reater circumferential than longitudinal rate of shortening
n the systemic RV free wall (1.5 0.5 s–1 vs.1.1 0.2
1, p  0.001). However, strain rate values in the systemic
V were significantly less than in the normal LV. In the
VS, there was no difference in strain between the patients
ith systemic RVs and the healthy control subjects. How-
ver, as in the free wall, strain rate in the IVS was
ignificantly reduced in the Senning-operated TGA pa-
ients compared with the control subjects.
PERATED CONTROL SUBJECTS VERSUS HEALTHY CON-
ROL SUBJECTS AND SENNING-OPERATED TGA PATIENTS.
here was no significant difference in strain or strain rate
etween the operated control subjects and the healthy
ontrol subjects, neither for the RV nor the LV. Accord-
ngly, there was a significant difference in contraction
attern between the systemic RV and the RV of the
ssessment of Regional Myocardial Function in the Systemic RV Fompared With the RV and LV Free Wall in Heal y and Operated C
Table 2 Assessment of Regional Myocardial Function in the SyCompared With the RV and LV Free Wall in Healthy an
RV Control
Subjects
RV Operated Co
Subjects
Longitudinal strain (%)
Apical free wall 30.6 4.2 29.7 2.
Mid free wall 30.7 3.3 28.4 4.
Basal free wall 30.1 4.9 29.6 2.
Circumferential strain (%)
Mid free wall 15.8 1.3 14.4 1.
Longitudinal strain rate (s1)
Apical free wall 2.5 0.4 2.4 0.
Mid free wall 2.3 0.4 2.1 0.
Basal free wall 2.2 0.7 2.3 0.
Circumferential strain rate (s1)
Mid free wall 1.5 0.4 1.5 0.
p  0.001 versus the right ventricle (RV) in control subjects and the RV in operated control subje
p  0.01 versus the LV in control subjects and p  0.001 versus the LV in operated control sub
ssessment of Regional Myocardial Function in theVS of th Senning-Operated TGA Patie tsompared With the IVS in Healthy nd Operatedntrol Subj cts
Table 3
Assessment of Regional Myocardial Function in the
IVS of the Senning-Operated TGA Patients
Compared With the IVS in Healthy and Operated
Control Subjects
Healthy
Control
Subjects
Operated
Control
Subjects
TGA
Patients
Longitudinal strain (%)
Apical septum 19.6 3.2 19.6 3.2 18.5 3.5
Mid-septum 18.8 2.6 18.0 2.6 19.5 3.3
Basal septum 18.5 2.1 18.7 2.3 20.1 2.3
Longitudinal strain rate (s1)
Apical septum 1.6 0.6 1.6 0.3 1.1 0.4*
Mid-septum 1.8 0.5 1.8 0.2 1.2 0.3†
Basal septum 1.7 0.6 1.8 0.3 1.3 0.3‡
p  0.03 versus healthy control subjects and p  0.003 versus operated control subjects; †p 
.001 versus healthy control subjects and operated control subjects; ‡p  0.002 versus healthys
ontrol subjects and p  0.001 versus operated control subjects.
IVS  interventricular septum; TGA  transposition of the great arteries.perated control subjects, similar to the difference between
he systemic RV and the RV of the healthy subjects.
TRAIN BY TDI AND MRI. There was good agreement be-
ween strain obtained by TDI and MRI (Fig. 3). The
orrelation coefficient for strain by the 2 techniques was r 
.82 (p  0.001). There was no significant difference in
ircumferential strain by the 2 techniques. Importantly,
RI confirmed the finding of higher circumferential strain
n the systemic RV than in the normal RV (22.4  2.4%
s. 16.4  2.6%, p  0.001).
entricular rotation and torsion. In the normal LV, MRI
emonstrated global clockwise rotation of the base of the
entricle and counterclockwise rotation of the apex (Fig. 4),
.1 1.5° and11.6 4.6°, respectively (p 0.001), with
esulting torsion of 16.7  4.8°. Similarly, the RV free wall
n the normal heart rotated with the LV, with basal and
pical rotation of 3.1  1.2° and 8.2  2.7°, respectively
p  0.001), and resulting torsion of 11.4  2.6°. In
ontrast, global rotation of the systemic RV was essentially
bsent both at the basal and apical levels, 0.3  1.3° and 0.0
2.1°, respectively (p  NS). Consequently, there was no
ignificant global torsion of the systemic RV (0.3 1.8°). In
he subpulmonary LV, rotation was essentially absent at the
asal level, but present, although to a lesser degree than in
he normal LV, at the apical level,0.4 2.4° and5.8
.8°, respectively (p  0.001). The resulting torsion was 5.4
2.0°.
iscussion
he present study demonstrates a shift in the systemic RV
ree wall from longitudinal to circumferential shortening
hen compared with the normal RV but without any
ifference in IVS shortening. Consequently, the systemic
V contraction pattern resembles that of the normal LV,
lthough without the ventricular torsion of its normal
allol Subjects
ic RV Free Wall
rated Control Subjects
Systemic RV
LV Control
Subjects
LV Operated Control
Subjects
14.7 4.3* 18.3 4.0 16.6 1.7
15.0 3.0* 16.5 1.7 17.1 1.7
14.3 4.1* 16.6 2.7 16.9 2.1
23.3 3.4* 25.7 3.1 24.5 2.4
1.0 0.2*† 1.7 0.4 1.7 0.3
1.1 0.2*† 1.7 0.3 1.7 0.4
1.1 0.2*‡ 1.6 0.5 1.6 0.2
1.5 0.5† 2.4 0.5 2.6 0.2
 0.001 versus the left ventricle (LV) in control subjects and the LV in operated control subjects;ree Wontr
stem
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ntrol
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Systemic RV Contraction Pattern June 26, 2007:2450–6ecreased in the systemic RV compared with the normal
V. The predominant circumferential over longitudinal free
all contraction might represent an adaptive response to the
ystemic load, while the lack of torsion and reduced strain
ate may suggest incipient myocardial dysfunction.
eometrical changes and patterns of myocardial short-
ning. The leftward shift of the IVS with decreased radius
f curvature gives the systemic RV a more circular short-axis
hape comparable to that of the normal LV. This may
acilitate circumferential shortening through reduced re-
ional wall stress. Furthermore, in right ventricular pressure
verload, it is mainly the middle circumferential layer that
ypertrophies (8,9). Also in this regard, the systemic RV is
Figure 2 Myocardial Shortening Patterns
Representative strain curves from the systemic RV of a patient with transposition
compared with curves from the RV and LV of a normal subject. ECG  electrocard
Figure 3 Agreement Between Strain by TDI and MRI
Bland-Altman plot showing agreement between strain measured by TDI
and MRI. MRI  magnetic resonance imaging; TDI  tissue Doppler imaging.ore similar to the normal LV, which has a well-developed
iddle circumferential layer (10). A relative increase in
ircumferential fiber mass may, thus, also contribute to the
redominant circumferential RV free wall shortening.
Another issue to be discussed is whether open chest
urgery per se affects the RV strain pattern. The normal
train and strain rate in the operated control subjects rule
ut the possibility that the observed contraction pattern in
he systemic RV could be merely a postoperative effect.
great arteries
; other abbreviations as in Figure 1.
Figure 4 Basal and Apical Systolic Rotation
Schematic depiction of basal and apical rotation during systole in the normal
LV and the systemic RV. Arrowheads indicate the direction and magnitude of
rotation. Abbreviations as in Figure 1.of the
iogram
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June 26, 2007:2450–6 Systemic RV Contraction Patternentricular torsion. In the normal LV, torsion contrib-
tes to energy-efficient ejection (11). Our findings on
entricular torsion in the healthy control subjects are con-
istent with recent findings by MRI tagging and subsequent
-dimensional reconstruction (12). A previous study re-
orted regional differences in rotation in the systemic RV
13). However, when values are averaged over segments, the
esulting global rotation is close to 0 both at the basal and
he apical level with no definite global ventricular torsion.
Torsion results from contraction of myocardial fibers
rranged obliquely to the ventricular axis (14). However, the
raction of obliquely oriented muscle fibers in the chroni-
ally pressure loaded RV is approximately half of that in the
ormal RV, while the fraction of circumferentially oriented
bers is higher (9). Furthermore, in the normal heart, the
ystemic ventricle may be partly responsible for the rotation
f the subpulmonary ventricle. Reduced torsion of 1 ventri-
le may, therefore, affect the other through ventricular
oupling effects. These factors might contribute to the
bserved changes in ventricular torsion with consequently
ess energy-efficient ejection, possibly representing a poten-
ial for myocardial dysfunction.
daptive response or ventricular dysfunction? It must be
ddressed whether our findings reflect an adaptive response
r systemic RV dysfunction. None of our patients had
linical evidence of heart failure, and the mean systemic RV
F was close to that reported as normal in this setting (15).
oreover, the contraction pattern was uniform in all pa-
ients with systemic RV, regardless of their RV EF. Fur-
hermore, there was no significant difference in strain
etween the systemic RV and normal LV.
The TGA patients had reduced exercise capacity, consis-
ent with previous findings (16). However, these patients
lso have pulmonary abnormalities (17) and reduced atrio-
entricular filling rates during exercise (18). The latter study
emonstrated an increase in contractility during inotropic
timulation as seen in the normal LV, indicating preserved
ystolic systemic RV function despite reduced exercise
apacity.
These aspects considered, the reduced longitudinal strain
n the systemic RV should not necessarily be interpreted as
entricular failure. Since strain values were similar to those
n the normal LV, the shortening pattern may represent an
daptive response to the systemic load. However, strain rate
as significantly reduced and rotation absent compared with
he normal LV. These findings may imply incipient myo-
ardial dysfunction.
tudy limitations. Our study group is selected, and only
ncludes patients without heart failure. Further changes in
yocardial deformation may be expected with the develop-
ent of myocardial dysfunction, and this warrants further
tudy.
The control subjects were slightly older than the TGA
atients. As RV longitudinal function is reduced with age
19), it is unlikely that the lower longitudinal strain in theystemic RV of the younger TGA patients could be the
esult of age-dependent changes.
Strain might be underestimated, Doppler strain by angle
ependency and MRI strain by low temporal resolution.
iological variability may also influence the results. As seen
rom the Bland-Altman plot, variability from this does not
eem to represent a problem in the present study.
Circumferential strain and strain rate were assessed only
n 1 region. There might be regional variations not discov-
red by our approach. Furthermore, measurements were
erformed only in 2 dimensions. A 3-dimensional analysis
ould provide further insights into the deformation of the
ystemic RV.
As described, the reference point differs somewhat for
alculation of normal RV free wall rotation and global
otation of the systemic ventricles. Thus, although these
easures are not directly comparable, they can be compared
ith regard to presence, direction, and approximate magni-
ude of rotation.
onclusions
he present study demonstrates a shift in the systemic RV
ree wall from longitudinal to circumferential shortening
hen compared with the normal RV but no change in septal
hortening. This contraction pattern resembles that of the
ormal LV and may be explained by alterations in ventric-
lar geometry and/or myocardial hypertrophy. In contrast
o the normal LV, ventricular torsion is essentially absent
nd strain rate is reduced. While the predominant cir-
umferential contraction may represent an adaptive re-
ponse to the systemic load, the lack of torsion and
educed strain rate might imply incipient myocardial
ysfunction. Since circumferential shortening predomi-
ates in the systemic RV, it may prove more valuable in
emonstrating myocardial dysfunction. However, this
arrants further study.
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